Assisted reproductive technologies (ARTs) are becoming increasingly prevalent and are generally considered to be safe medical procedures. However, evidence indicates that embryo culture may adversely affect the developmental potential and overall health of the embryo. One of the least studied but most important areas in this regard is the effects of embryo culture on epigenetic phenomena, and on genomic imprinting in particular, because assisted reproduction has been linked to development of the human imprinting disorders Angelman and Beckwith-Wiedemann syndromes. In this study, we performed side-by-side comparisons of five commercial embryo culture systems (KSOMaa, Global, Human Tubal Fluid, Preimplantation 1/Multiblast, and G1v5PLUS/G2v5PLUS) in relation to a best-case (in vivoderived embryos) and a worst-case (Whitten culture) scenario. Imprinted DNA methylation and expression were examined at three well-studied loci, H19, Peg3, and Snrpn, in mouse embryos cultured from the 2-cell to the blastocyst stage. We show that embryo culture in all commercial media systems resulted in imprinted methylation loss compared to in vivo-derived embryos, although some media systems were able to maintain imprinted methylation levels more similar to those of in vivo-derived embryos in comparison to embryos cultured in Whitten medium. However, all media systems exhibited loss of imprinted H19 expression comparable to that using Whitten medium. Combined treatment of superovulation and embryo culture resulted in increased perturbation of genomic imprinting, above that from culture alone, indicating that multiple ART procedures further disrupt genomic imprinting. These results suggest that time in culture and number of ART procedures should be minimized to ensure fidelity of genomic imprinting during preimplantation development.
INTRODUCTION
Generally, assisted reproductive technologies (ARTs) are considered to be safe medical treatments. Little concern has arisen that ART-conceived children are less healthy than naturally conceived children. However, whereas absolute risks remain low, evidence indicates that children conceived by ARTs are at an increased risk of intrauterine growth restriction, premature birth, and low birth weight [1, 2] as well as genomic imprinting disorders [3] [4] [5] [6] [7] [8] [9] . Thus, it is important to monitor the consequences of manipulating embryos, especially given the rapid evolution and increased use of ARTs.
An important protocol employed in assisted reproduction is in vitro culture. Steady progress in developing improved culture conditions for mammalian embryos has occurred over the past 50 years [10, 11] , but current culture media remain suboptimal. Compared to their in vivo counterparts, cultured embryos from all species have reduced pregnancy rates, reduced viability and growth, increased developmental abnormalities, and behavioral deviations, and they are prone to metabolic and growth disorders and display aberrant expression patterns [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Simply stated, oviductal fluid is more complex than any culture medium currently used, containing key metabolites and/or growth factors that are either lacking entirely or are present at different concentrations in commercial media systems. In addition, oviductal fluid is dynamic, changing along the length of the female reproductive tract to reflect altered metabolic preferences in the embryo [26] .
One of the leading explanations for these culture-induced abnormalities is epigenetic alterations in gene expression that originate from embryo manipulation. Epigenetics refers to modifications that do not change the DNA sequence but instead evoke chromatin changes that modify gene expression. For example, DNA methylation, a covalent linkage between methyl groups and cytosine residues within CpG dinucleotides, is generally associated with gene silencing.
Epigenetic modifications play a critical role during genomic imprinting, in which expression is restricted to the maternally or paternally inherited copy of a gene; the opposite parental allele is silent [27] . Preimplantation development is a critical period of developmental programming [28] , so the ability to maintain imprinting during in vitro development has been questioned. Results demonstrate that imprinting can be disrupted during mouse preimplantation development, pinpointing a critical period of susceptibility to environmental conditions [18, 22, 29] . In humans, assisted reproduction has been linked to epigenetic errors that produce the human imprinting disorders Angelman syndrome and BeckwithWiedemann syndrome (BWS) [3] [4] [5] [6] [7] [8] [9] , with loss of imprinting (LOI) more often the cause of imprinting disorders in ARTconceived children compared to naturally conceived children.
Thus, the adverse influence of ARTs has significant clinical ramifications.
Multiple media formulations are used for culture in animal research models as well as human clinics [10, [30] [31] [32] . Early development of chemically defined culture media was based on classic formulations for somatic cells. For example, Whitten medium is a physiological saline based on Krebs-Ringer solution supplemented with a carbohydrate energy source [33] . In the present study, we consider Whitten media as a worstcase scenario, because it produces more aberrant nonimprinted gene expression, imprinted gene expression, and imprinted DNA methylation at the blastocyst stage [15, 18, 29] . More recent formulations have adjusted concentrations of various components based on optimized response by embryos or approximate values of known constituents in the oviductal/ uterine environment [34] . Examples are potassium-modified, simplex optimized medium (KSOM) [35] and Human Tubal Fluid (HTF) [36] . Identification of amino acids in oviducts led to supplementation of culture media with amino acids [14, 26] . Further development was based on the premise that media should be altered during culture to better represent the changing in vivo environment. This resulted in development and implementation of ''sequential media systems'' [32] , in which high-pyruvate, low-glucose medium is switched to highglucose, low-pyruvate medium to reflect the embryo's changing carbohydrate preference during preimplantation development [34] . Many sequential media systems have been developed, including growth media, G1 and G2, and Preimplantation 1/Multiblast (P1/MB) media. Whereas twostep culture systems now predominate in human ART, it is unclear whether they are ''superior'' or necessary [31, [35] [36] [37] .
The earliest stages of embryonic development are among the most critical for epigenetic programming. Imprinting marks acquired during gametogenesis must be maintained during the preimplantation programming period. We hypothesize that imprinting maintenance mechanisms are disrupted by in vitro culture during mouse and human ARTs and that media systems better able to maintain genomic imprinting will produce embryos that exhibit imprinting patterns more similar to those of in vivo-derived embryos than those of Whitten-cultured embryos. In the present study, we used a mouse model system for several reasons: 1) Few studies are performed on human preimplantation embryos because of ethical restrictions, 2) the effects of embryo culture need to be evaluated using a system in which subfertility is not a confounding issue; and 3) the mouse embryo has been and is currently used to optimize culture conditions for human preimplantation embryos [38, 39] . We compared five commercial culture systems against a classic medium formulation, Whitten (worst-case scenario), as well as against in vivo-derived embryos (best-case scenario) to determine their effects on genomic imprinting. Imprinted methylation and expression were examined at H19, small nuclear ribonucleoprotein N (Snrpn), and paternally expressed gene 3 (Peg3).
MATERIALS AND METHODS

Embryo Collection
Embryos were obtained from naturally mated C57BL6(CAST7), hereafter referred to as B6(CAST7), females crossed with C57BL6 (B6) males (Charles River) as described previously [29, 40] . Briefly, B6(CAST7) females were checked for estrus and mated with B6 males. Pregnancy was determined (vaginal plug) the morning following mating (0.5 days postcoitum [dpc]). Embryos were flushed from isolated oviducts at 1.5 dpc to recover 2-cell embryos. For hormone treatment groups, 6.25 IU of equine chorionic gonadotropin (Intervet Canada) were administered to female B6(CAST7) mice, followed 40-44 h later by 6.25 IU of human chorionic gonadotropin (Human Serum Chorionic Gonadotropin; Intervet Canada) ( Table 1 ). The commercial media systems were used according to the manufacturer's instructions for the Mouse Embryo Assay. When indicated by the manufacturer (Global, 4 mg/ml; HTF, 4 mg/ml; P1/MB, 0.5%), media were supplemented with bovine serum albumin (catalog no. A3311; Sigma). Mineral oil (Sigma) was filter sterilized and equilibrated at least 48 h before culture. Culture drops were prepared before 0900 h on the morning of collection for Whitten and KSOMaa or after 1600 h on the day before collection for the remaining media to allow equilibration. Embryos were cultured in drops of 20 ll containing approximately 20 embryos. Culture conditions were 378C and 5% CO 2 in air for Whitten medium and 378C and 5% O 2 , 5% CO 2 , and 90% N 2 for the others. For sequential culture systems, the second medium drops (MB or G2.5) were prepared the day before transfer (after 1600 h) and equilibrated overnight. Before culture in G2.5, embryos were washed twice in pre-equilibrated GMOPSþ (Vitrolife). All embryos were scored for blastocyst development (defined by the presence of a blastocoele cavity) at 1200 h on Day 4 of culture, frozen individually or in pools of five, and stored at À808C (Table 1 ). For each media system, embryos were recovered from multiple litters, and embryo culture was performed at least four times.
Imprinted Methylation Analysis
Bisulfite mutagenesis and sequencing analysis was performed as described previously [40] , with modifications for pools of five blastocysts. Briefly, embryo pools were lysed in 25 ll of lysis buffer for 1 h at 508C, embedded in 2% low-melting-point agarose (Sigma), and split into three 30-ll beads. For each PCR reaction, 20 ll of agarose/DNA were added to one Ready-To-Go PCR Bead (RTG; GE) containing gene-specific primers (Sigma) (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org) [40] and 1 ll of 240 ng/ml tRNA solution (Sigma). PCR reactions were split in half, allowing two independent PCR reactions. Negative controls (no embryo) were processed alongside each bisulfite reaction. For each sample and gene analyzed, 40-50 clones were sequenced. Chromatograms from each sequence were visualized using FinchTV (Version 1.4.0; Geospiza). Ambiguous base pairs were manually reviewed and assigned a designation (when possible). Each sequence was analyzed for total number and location of CpG-associated cytosines as well as location and number of converted and unconverted nonCpG-associated cytosines to obtain conversion rates (number of converted nonCpG cytosines divided by total number of non-CpG cytosines). Sequences with conversion rates of less than 85% were not included. Identical clones (identical location and number of unconverted CpG-associated cytosines, and identical location and number of unconverted non-CpG-associated cytosines) were not included. Multiple polymorphisms are present between B6 and CAST sequences at each gene analyzed, allowing parental alleles to be discriminated. Clones possessing both B6 and CAST polymorphisms were likely the result of crossover during PCR amplification and were not included. Hypermethylation of a DNA strand was defined at 50% methylated CpGs or greater on a given strand.
Imprinted Expression Analysis
The RNA isolation, synthesis of a reusable cDNA library using individual embryos, and H19 and Snrpn expression analysis using the LightCycler Real Time PCR System (Roche Molecular Biochemicals) were performed as described previously [29] , except HotStart RTG Beads (GE) and TIB MolBiol hybridization probes (Adelphia) were used (Supplemental Table S1 ). For the Peg3 expression analysis, Peg3 primers were used to amplify a 317-bp region (AF038939). Fluorescence resonance energy-transfer hybridization probes were designed to the CAST amplicon (Supplemental Table S1 ). The Peg3 sensor probe spans a single nucleotide polymorphism at nucleotide 3433 between B6 (T) and CAST (C) on the antisense strand. Following denaturation at 958C for 2 min, PCR reactions were as follows: H19, 958C for 1 sec, 558C for COMMERCIAL MEDIA DISRUPT GENOMIC IMPRINTING 939 15 sec, and 728C for 25 sec for 45 cycles, with melting-curve analysis of 958C for 30 sec and 508C for 2 min, with 0.28C increments thereafter; Snrpn, 958C for 1 sec, 528C for 15 sec, and 728C for 6 sec for 45 cycles, with melting-curve analysis of 958C for 2 min and 458C for 2 min, with 0.28C increments thereafter; and Peg3, 958C for 1 sec, 538C for 15 sec, and 728C for 8 sec for 45 cycles, with melting-curve analysis of 958C for 15 sec and 458C for 30 sec, with 0.28C increments thereafter. Parental allele-specific expression patterns were calculated as percentage expression of the B6 or CAST allele relative to total expression of both alleles. Monoallelic expression was defined as less than 10% expression from the normally silent allele [29] .
Statistical Methods
In the present analysis, we tested how readily methylation patterns associated with each media could be distinguished from one another through the following statistical model. Given a gene with n possible methylation sites, the frequency of observing, for a given DNA strand, i methylated sites was estimated as p i . Specifically, p 0 denotes the probability of observing no sites methylated, p 1 the probability of observing one methylated site, and so on for i ¼ 0, 1, . . ., n. Plots of p i versus media shown in Figure 8A , for example, indicate three DNA strands from the in vivo pool had p i ' 15/16 sites methylated. The methylation-level frequencies p i are most easily estimated from counts n i by setting p i ' n i /n, where n i is the number of strands having i sites methylated and n is the total number of sites. However, such simplistic point estimates are well known to exhibit considerable systematic error when n i , 3 for any i [41] . Therefore, to account for both this error and the effect of finite sample sizes, a distribution for the set of frequencies p i was estimated using standard Bayesian methods [42, 43] such that p 0 , p 1 , . . ., p n jn 0 , n 1 , . . ., n n ; Dirichlet([n 0 , n 1 , . . ., n n ] þ 0.5). Therefore, if m embryos are sampled in the future from the same media, these embryos are expected to display methylation counts [m 0 , m 1 , ..., m n ] distributed according to a standard multinomial distribution with frequencies [p 0 , p 1 , . . ., p n ], where R i m i ¼ n.
The combination of Dirichlet posterior and multinomial likelihood is called the Multivariate Pólya distribution for the likelihood Pr(m 0 , m 1 , . . ., m n jn 0 , n 1 , . . ., n n ), and it is the natural generalization of the bivariate Beta-binomial model [44] . Although Fisher-type P-values are often used to test if two observed data sets are ''significantly'' different, it is possible to estimate instead the magnitude of difference between each data set. Such estimates, when available, are often more informative than simple P-values alone [45, 46] . [47, 48] .
The KLD is particularly attractive for distinguishing among alternative treatments, because it is directly interpretable as an expected (log) true-positive versus false-negative odds ratio for correctly classifying or distinguishing a future sample of m embryos from two alternatives, given that one of the alternatives is correct [49, 50] . The larger the KLD between different treatments, the larger the posterior odds ratio that the future m embryos can be correctly classified and, hence, the more distinguishable the two treatments are. These between-treatment comparisons appear on the off-diagonal of Figure  8 . Thus, the KLD can be directly interpreted as the magnitude of treatmenteffect between different treatments. Furthermore, by using the Multivariate Pólya likelihood, sample-size variance is automatically taken into account, and these magnitudes are resistant to artificial inflation resulting from sampling variance [51] . Lastly, using the given KLD framework, at no point is the assumption of normality required or used. The KLD is also useful for estimating statistical power through comparing two samples from the same treatment group by estimating the ability to recognize methylation patterns for a given treatment as having come from that treatment. These values appear on the diagonal of Figure n ], respectively, the KLD is then interpreted as an expected (log) true-negative versus false-positive odds ratio for being able to recognize methylation patterns for a given treatment as having come from that treatment.Therefore, larger diagonal values indicate larger posterior odds ratios that m future samples from the same population will be erroneously distinguishable and are an indication of lower-than-desired statistical power. Thus, for this analysis, using the diagonal as a guide, odds ratios less than 20:1 were considered to be substantially indistinguishable, those between 20:1 and 30:1 to be highly distinguishable, those between 30:1 and 100:1 to be very highly distinguishable, and those greater than 100:1 to be decisively distinguishable in approximate accordance with standard convention [52] .
With respect to the imprinted expression analysis, we used the Fisher exact test to compute the significance of nonrandom association between embryos cultured in different media types. Because changes in expression were anticipated to be in only one direction (monoallelic or biallelic), a one-sided test was utilized. P-values were calculated using software provided online (http:// www. langsrud.com/fisher.htm) and were considered to be significant at P , 0.05.
RESULTS
In the present study, we performed a side-by-side comparison of five commercial culture systems to determine the susceptibility of mouse preimplantation embryos to cultureinduced epigenetic errors at three imprinted loci. The commercial media systems that were investigated were three 940 nonrenewable, nonsequential media (KSOMaa, Global, and HTF) and two sequential systems (P1/MB and G1.5/G2.5).
Commercial formulations were used to evaluate media currently used in human ART. For comparison, Whitten medium was used as the worst-case scenario and in vivoderived embryos as the best-case scenario.
Effects of Embryo Culture on Imprinted Methylation
For each media system, B6(CAST7) 3 B6 F 1 embryos were cultured from the 2-cell stage to the blastocyst stage (72 6 1 h after onset of culture) according to the manufacturer's instructions for the Mouse Embryo Assay (Table 1) . For all media, blastocyst development was supported at a rate of greater than 90% (Whitten, 96%; KSOMaa, 98%; Global, 91%; HTF, 97%; P1/MB, 92%; G1.5/G2.5, 100%) (Supplemental Table S2 ).
To determine whether differences exist in the ability of various culture systems to maintain genomic imprinting, DNA methylation of the H19 and Snrpn imprinting control regions (ICRs) and the Peg3 differentially methylated region (DMR)
were analyzed (Fig. 1) . Methylation analyses using bisulfite mutagenesis and sequencing were performed on three pools of five cultured embryos per media system and on one pool of five in vivo-derived blastocysts. The Snrpn ICR and the Peg3 DMR harbor maternal-specific methylation, whereas the H19 ICR possesses paternal-specific methylation [27] . Therefore, in B6(CAST7) 3 B6 embryos, the paternal B6 H19 allele and the maternal CAST7 Snrpn and Peg3 alleles should be methylated. As anticipated from previous reports about pools of blastocysts [29, [53] [54] [55] , paternal H19 DNA strands and maternal Snrpn and Peg3 DNA strands were hypermethylated (82%, 92%, and 100%, respectively) in the in vivo-derived embryo pool (Fig.  1) .
Analysis of the H19 ICR in cultured embryos (Figs. 2-7 ) showed that Whitten-cultured embryos displayed a loss of methylation, with 54%, 67%, and 63% (mean, 61%) hypermethylated paternal DNA strands (Fig. 2) . Embryos cultured in all media revealed a loss of paternal-specific methylation as follows: KSOMaa, 55%, 94%, and 75% (mean, 75%) hypermethylation; Global, 60%, 63%, and 72% (mean, 65%); HTF, 21%, 67%, and 67% (mean, 52%); P1/MB, 93%, 64%, and Percentage methylation is indicated above each set of DNA strands and was calculated as the number of hypermethylated DNA strands divided by the total number of DNA strands. Hypermethylated DNA strands were those displaying greater than 50% methylated CpGs. COMMERCIAL MEDIA DISRUPT GENOMIC IMPRINTING 38% (mean, 65%); and G1.5/G2.5, 82%, 62%, and 21% (mean, 55%) (Figs. 3-7) . In these analyses, we attribute interembryo pool variation to the composition of blastocysts within the pool (i.e., variable number of blastocysts that maintained and lost imprinted methylation). This is supported by our recent report on the effects of superovulation on genomic imprinting, where we observed a stochastic response by individual embryos to superovulation [40] .
To quantify these differences in H19 imprinted methylation, the ability to distinguish DNA strands from embryos derived in vivo from those cultured in each media system were calculated as posterior odds ratios (Fig. 8) . Higher posterior odd ratios indicate a greater ability to distinguish between DNA strands obtained from embryo culture in one medium compared to another (or to in vivo), whereas lower posterior odds ratios indicate an inability to distinguish between culture conditions [52] . Using the table representing three samples (i.e., three groups of five embryos), this analysis demonstrated that the in vivo-derived embryo pool was highly distinguishable from Whitten-cultured embryos (Fig. 8A ). In addition, embryos cultured in KSOMaa, Global, and P1/MB were least distinguishable from in vivo-derived embryos but were highly distinguishable from embryos cultured in Whitten. Embryos cultured in HTF and G1.5/G2.5 displayed methylation levels least distinguishable from embryos cultured in Whitten but were highly distinguishable from in vivo-derived embryos. Therefore, for H19, KSOMaa, Global, and P1/MB appeared best able to maintain imprinted methylation. These results for embryos cultured in Whitten medium and KSOMaa are consistent with our previous analysis, which showed better maintenance of H19 imprinted methylation in KSOMaa [29] .
The same embryo pools from the H19 analysis were examined for changes in imprinted methylation at Snrpn and Peg3. For Snrpn, Whitten-cultured embryos displayed a loss of methylation, with 67%, 58%, and 50% of maternal DNA strands hypermethylated (mean, 58%) (Fig. 2) . Similar to H19, methylation loss was observed in embryos cultured in all media, KSOMaa (60%, 89%, and 69%; mean, 73%), Global (100%, 55%, and 60%; mean, 72%), HTF (0%, 77%, and 86%; mean, 54%), P1/MB (56%, 62%, and 78%; mean, 65%), and G1.5/G2.5 (83%, 77%, and 33%; mean, 64%) (Figs. 3-7) .
Quantification of posterior odds ratios for Snrpn revealed that the in vivo-derived embryos were highly distinguishable from Whitten-cultured embryos. Furthermore, embryos cul-
FIG. 2. Methylation of the paternal H19
ICR, the maternal Snrpn ICR, and the maternal Peg3 DMR in B6(CAST7) 3 B6 F 1 embryos derived from spontaneously ovulated females and cultured in nonsequential Whitten medium. Each group of DNA strands represents data from three pools (A-C) of five embryos each. See Figure 1 for additional details.
FIG. 3. Methylation of the paternal H19
ICR, the maternal Snrpn ICR, and the maternal Peg3 DMR in B6(CAST7) 3 B6 F 1 embryos derived from spontaneously ovulated females and cultured in nonsequential KSOMaa. Each group of DNA strands represents data from three pools (A-C) of five embryos each. See Figure 1 for additional details. 942 tured in KSOMaa, Global, HTF, P1/MB, and G1.5/G2.5 were highly distinguishable from in vivo-derived embryos. However, embryos cultured in HTF, P1/MB, and G1.5/G2.5 were least distinguishable from those cultured in Whitten medium, whereas embryos cultured in KSOMaa and Global were highly distinguishable from embryos cultured in Whitten (Fig. 8B) . Therefore, for Snrpn, KSOMaa and Global appeared better able to maintain imprinted methylation when compared to Whitten, HTF, P1/MB, and G1.5/G2. Consistent with our previous study [29] , we observed that embryos cultured in KSOMaa harbored greater Snrpn methylation than those cultured in Whitten medium.
For the Peg3 DMR methylation analysis, Whitten-cultured embryos displayed a loss of methylation, with 71%, 24%, and 67% (mean, 54%) maternal DNA strands hypermethylated (Fig. 2) . Embryos cultured in G1.5/G2.5 (44%, 50%, and 56%; mean, 50%) (Fig. 7) also produced a severe loss of Peg3 methylation, whereas embryos cultured in KSOMaa (80%, 100%, and 100%; mean, 93%), Global (70%, 89%, and 73%; mean, 77%), HTF (100%, 61%, and 93%; mean, 85%), and P1/ MB (91%, 44%, and 89%; mean, 75%) harbored higher levels of maternal Peg3 hypermethylation (Figs. 3-6) .
Quantification of posterior odds ratios for Peg3 revealed that the in vivo-derived embryo pool was highly distinguishable from Whitten-cultured embryos (Fig. 8C) . Embryos cultured in KSOMaa were least distinguishable from in vivoderived embryos and highly distinguishable from Whittencultured embryos. Embryos cultured in G1.5/G2.5 were highly distinguishable from in vivo-derived embryos and least distinguishable from Whitten-cultured embryos. Global-, HTF-, and P1/MB-cultured embryos displayed levels distinguishable from both in vivo-derived and Whitten- cultured   FIG. 4 . Methylation of the paternal H19 ICR, the maternal Snrpn ICR, and the maternal Peg3 DMR in B6(CAST7) 3 B6 F 1 embryos derived from spontaneously ovulated females and cultured in nonsequential Global media. Each group of DNA strands represents data from three pools (A-C) of five embryos each. See Figure 1 for additional details.
FIG. 5. Methylation of the paternal H19
ICR, the maternal Snrpn ICR, and the maternal Peg3 DMR in B6(CAST7) 3 B6 F 1 embryos derived from spontaneously ovulated females and cultured in nonsequential HTF media. Each group of DNA strands represents data from three pools (A-C) of five embryos each. See Figure 1 for additional details.
COMMERCIAL MEDIA DISRUPT GENOMIC IMPRINTING embryos. Thus, for Peg3, KSOMaa culture appeared best able to maintain imprinted methylation.
From the imprinted methylation analysis, we conclude that all commercial media systems are suboptimal in their ability to maintain genomic imprinting, because none displayed methylation levels comparable to those of in vivo-derived embryos for all three genes (Fig. 8) . Having said this, some media systems were better able to maintain imprinted methylation: KSOMaa, Global, and P1/MB for H19; KSOMaa and Global for Snrpn; and KSOMaa followed by Global, HTF; and P1/MB for Peg3. As well, a differential response of imprinted genes to various culture systems was observed, as evidenced by the response of the three loci to HTF medium, in which the most severe loss of H19 and Snrpn methylation was observed compared to other media systems whereas higher methylation levels were seen for Peg3.
Effects of Embryo Culture on Imprinted Gene Expression
To investigate the effects of the commercial media systems on imprinted gene expression, individual embryos were analyzed for H19, Snrpn, and Peg3 imprinted expression. Approximately 20-30 individual embryos were analyzed from each media system as well as for in vivo-derived control embryos. For Snrpn, in vivo-derived control embryos displayed paternal-specific Snrpn expression (100% Snrpn expression, 100% monoallelic expression) (Supplemental Table S3 ). For Peg3, 23 of 24 control embryos (96%) expressed Peg3, with all but one embryo exhibiting paternalspecific expression (96% monoallelic) (Supplementary Table  3) . Analysis of cultured embryos demonstrated that Snrpn and Peg3 also maintained monoallelic expression following embryo culture in all media systems, although a small percentage of embryos exhibited biallelic Peg3 expression (4-11%). However, this difference was not statistically significant (Table 2) . These results are similar to those of our previous study, in which monoallelic expression of Snrpn and Peg3 was maintained in Whitten-and KSOMaa-cultured embryos at the blastocyst stage [29] .
Maintenance of Snrpn and Peg3 imprinted expression following culture contrasted sharply with that of H19. Analysis of H19 imprinted expression showed that 100% of in vivoderived controls displayed maternal-specific expression (Supplemental Table S3 ), whereas 40% of Whitten-cultured embryos displayed LOI (defined as biallelic/abnormal paternal H19 expression) (Fig. 9) . Similar to Whitten, all five commercial culture systems had increased numbers of embryos with loss of imprinted H19 expression: KSOMaa, 60%; Global, FIG. 6 . Methylation of the paternal H19 ICR, the maternal Snrpn ICR, and the maternal Peg3 DMR in B6(CAST7) 3 B6 F 1 embryos derived from spontaneously ovulated females and cultured in sequential media P1/MB. Each group of DNA strands represents data from three pools (A-C) of five embryos each. See Figure 1 for additional details.
FIG. 7. Methylation of the paternal H19
ICR, the maternal Snrpn ICR, and the maternal Peg3 DMR in B6(CAST7) 3 B6 F 1 embryos derived from spontaneously ovulated females and cultured in sequential media G1.5/G2.5. Each group of DNA strands represents data from three pools (A-C) of five embryos. See Figure 1 for additional details.
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MARKET-VELKER ET AL. 50%; HTF, 47%; P1/MB, 53%; and G1/G2, 41% (Fig. 9) . No statistically significant difference in LOI was observed between all media analyzed; however, a significant difference was found between all media and in vivo-derived embryos with respect to biallelic expression using Fisher exact test (P , 0.05) (Supplemental Table S4 ). These results are discordant from those of our previous study, in which better maintenance of H19 imprinted expression was observed in KSOMaa compared to Whitten culture [29] . The reason for this discordance is not clear, but we do note that our current cultured embryos possessed lower cell numbers compared to those in our previous analysis. We are currently investigating the relationship between cell number and LOI.
A change in frequency of embryos expressing H19 was also observed between experimental and control groups. Thirteen percent of in vivo-derived embryos expressed H19 (9/68 embryos) (Supplemental Table S3 ), whereas 69% of Whittencultured embryos expressed H19 (Fig. 9) . Snrpn was expressed in all these embryos, in which it acted as a control for RNA isolation and cDNA synthesis. Similar to the findings in Whitten medium, H19 expression was more frequent in embryos cultured in all commercial media systems compared to in vivo-derived embryos: KSOMaa, 91%; Global, 80%; HTF, 54%; P1/MB, 79%; and G1/G2, 89% (P , 0.05) (Supplemental Table S5 ) (Fig. 9) .
Effects of Superovulation and Embryo Culture on Imprinted Expression
In a recent study, we demonstrated that superovulation (without culture) perturbed H19, Snrpn, and Peg3 imprinted methylation [40] . To examine the effect of superovulation in combination with embryo culture, we examined H19, Snrpn, and Peg3 imprinted expression in individual embryos derived from superovulated females and cultured in each of the five commercial media systems. Because our primary goal was to determine the synergistic effects of superovulation and embryo culture, we used low hormone dosages; this treatment had less effect on imprinted methylation patterns compared to high hormone dosages [40] . Blastocyst development was supported   FIG. 8. Methylation analysis of (A) the  paternal H19 ICR, (B) the maternal Snrpn ICR, and (C) the maternal Peg3 DMR for in vivo-derived and cultured embryos. Left) Plots of the fraction of CpG methylation per DNA strand (black oval) for Figures 2-7 . Vertical bars are mean hypermethylation of embryo pools. Right) Posterior odd ratios tables as calculated independently for each gene. Higher posterior odd ratios (dark gray to black) indicate a greater ability to distinguish between DNA strands obtained from embryo culture in one media compared to another (or to in vivo); lower posterior odds ratios (white to light gray) indicate an inability to distinguish between culture conditions. Using the diagonal as a guide, odds ratios below 20:1 were considered to be substantially indistinguishable, between 20:1 and 30:1 to be highly distinguishable, between 30:1 and 100:1 to be very highly distinguishable, and higher than 100:1 to be decisively distinguishable [52] . Table S2 ). Similar to the non-hormone-treated groups, Snrpn and Peg3 imprinted expression was maintained in superovulated-cultured groups (Table 2 ). For H19, hormone treatment in conjunction with Whitten culture dramatically increased the number of embryos with loss of imprinted H19 expression, from 40% to 81% (Figs. 9 and 10) . A similar increase was observed in all five culture systems for culture alone compared to combined treatment (KSOMaa, 60% vs. 81%; Global, 50% vs. 71%; HTF, 47% vs. 76; P1/MB, 53% vs. 79%; G1.5/G2.5, 41% vs. 67%).
COMMERCIAL MEDIA DISRUPT GENOMIC IMPRINTING
An overall comparison of the three paradigms-in vivoderived (68 embryos), spontaneously ovulated-cultured (147 embryos), and superovulated-cultured (120 embryos) groupsrevealed that loss of imprinted expression occurred more frequently in the superovulated-cultured treatment group (73%) compared to the spontaneously ovulated-cultured treatment group (47%) and to controls (0%) (P , 0.01) (Supplemental Table S6 ). Furthermore, H19 was expressed in a greater percentage of embryos in the superovulated-culture group (94%) than in the spontaneously ovulated-cultured group (75%) and in vivo-derived embryos (13% expression) (P , 0.05) (Supplemental Table S6 ). These results indicated that superovulation together with embryo culture results in greater H19 expression perturbations.
DISCUSSION
In the present study, we performed a side-by-side comparison of five commercial culture systems to determine their effects on genomic imprinting. All five culture systems had compromised ability to maintain genomic imprinting compared to in vivo-derived embryos, although in comparison to Whitten culture, some media systems were better able to maintain imprinted methylation. We also observed that combined treatment of superovulation and embryo culture FIG. 10 . Imprinted expression of H19 in B6(CAST7) 3 B6 embryos derived from superovulated females and cultured in six different media systems. Details are as described in Figure 9 .
COMMERCIAL MEDIA DISRUPT GENOMIC IMPRINTING 947 resulted in increased disruption of genomic imprinting, as evidenced by increased loss of imprinted H19 expression. Thus, we conclude that minimizing times in culture and number of ART procedures is important to ensure the fidelity of imprinted gene expression during preimplantation development.
Comparison of Media Systems
Many studies have been performed to evaluate culture systems with respect to developmental competence, epigenetic status, embryo grade (quality), development rate, implantation rate, and pregnancy rate in humans [56] [57] [58] [59] [60] [61] [62] and in mice [18, 20-22, 29, 63-65] . However, comparisons between studies, even those evaluating the same culture system, remain problematic because of variations in culture parameters, including type of overlay, oxygen tension, culture drop volume, serum supplement, combined procedures (e.g., in vitro fertilization [IVF] and intracytoplasmic sperm injection [ICSI]), and many more. To our knowledge, the present study is the first to provide a comparative analysis of five different, commercially available culture systems. To allow reliable comparison between media systems, all embryos were cultured with the same oil overlay and drop volume, in the same incubator, and under the same oxygen conditions (except Whitten medium, which requires different oxygen tension than the other media formulations). Embryos were flushed from oviducts in their respective culture media, supplemented with the same lot of serum substitute (according to manufacturer's instructions for mouse embryo assay), and handled by the same individual. Our strategy was to introduce as little variation between culture conditions as possible to allow true comparisons between systems.
Furthermore, confusion has arisen, because controversy exists in the literature regarding the best embryo culture system [31, 37, 38] . However, no significant advantage has been shown for one system over another with respect to blastocyst development, implantation rates, or pregnancy rates [58, 60, 63] . Currently, blastocyst formation and embryo morphology are the best predictors available for assessing embryo quality, but they may not necessarily be predictive of epigenetic health. Thus, understanding effects of embryo culture at the molecular level is essential. As such, we set out to determine whether one culture system was more favorable for imprint maintenance during preimplantation development.
An important finding from these experiments is that culture media actively used for both mice and humans generated LOI following in vitro culture of mouse embryos. Previous studies have shown aberrant imprinted methylation following mouse embryo culture using KSOMaa and Whitten media systems, with KSOMaa being named the better system [18, 29] . These data support our results, because we demonstrate greater H19, Snrpn, and Peg3 imprinted methylation levels in embryos cultured in KSOMaa compared to the other media systems for which lower methylation levels were observed for at least one imprinted gene. However, these differences in methylation did not translate into differences in the ability to maintain H19, Snrpn, or Peg3 imprinted expression at the blastocyst stage. Imprinted expression was maintained for Snrpn and Peg3 in all media systems, whereas H19 displayed similar levels of biallelic expression in all media systems when compared to control embryos.
A number of explanations exist for this discordance. First, H19 imprinted expression is restricted to the trophectoderm in blastocyst-stage embryos [66] . We observed greater perturbations of imprinting in the placenta compared to the embryo proper in midgestation embryos, which may indicate that greater methylation loss occurs in trophectoderm cells than in inner mass cells. Alternatively, differences in the ability to maintain imprinted expression in culture may relate to Snrpn and Peg3 being protein-coding genes, whereas H19 is a noncoding RNA. Finally, DNA methylation is but one indicator of chromatin status. Because a combination of DNA methylation and histone modifications likely directs parental-specific expression, adverse effects of in vitro culture on histone modifications may also lead to greater misregulation of imprinted gene expression. Combined expression and methylation analyses in single blastocyst-stage embryos will allow direct comparison of imprinted DNA methylation loss and loss of imprinted expression. Analysis of histone modification in blastocyst-stage embryos will also provide greater insight regarding the effects of embryo culture on imprinted gene regulation.
A second finding from the present study is that results from one gene cannot be generalized to all imprinted genes. For H19, embryos cultured in KSOMaa, Global, and P1/MB displayed levels of H19 imprinted methylation more similar to those of in vivo-derived embryos than to those of embryos cultured in other media systems. Embryos cultured in HTF and G1.5/G2.5 displayed H19 methylation levels least distinguishable from those of Whitten-cultured embryos but highly distinguishable from those of in vivo-derived embryos. For Snrpn, KSOMaa and Global better maintained imprinted methylation than the other media systems, but levels were still distinguishable from those of in vivo-derived embryos. For Peg3, levels of imprinted methylation for KSOMaacultured embryos were least distinguishable from in vivoderived embryos, whereas methylation levels for G1.5/G2.5-cultured embryos were most distinguishable from in vivoderived embryos and least distinguishable from Whittencultured embryos. These findings illustrate the point that certain media appear to support levels of imprinted methylation similar to those of in vivo-derived embryos at some, but not all, loci.
The five commercial media systems used in the present study list the compounds present in the medium. However, specific concentrations are proprietary, thus preventing an indepth comparison of the media systems. Based on their components, KSOMaa and Global are likely the most similar media. Thus, it is not surprising that they performed similarly. HTF is likely more similar to Whitten, in that it lacks amino acids, possibly accounting for the more severe loss of methylation produced by these media. The rest of the media systems contain amino acids with the caveat that of the twostep systems, P1 contains taurine and G1.5 has nonessential amino acids plus methionine, whereas both MB and G2.5 harbor essential and nonessential amino acids. For these two sequential systems, it is not readily apparent why they did not generate more similar effects on imprinted methylation loss, although the answer may lie in their differences. P1/MB contains the antioxidant sodium citrate, whereas G1.5/G2.5 contains vitamins. What can be concluded is that sequential media systems did not seem to confer an advantage with respect to maintenance of genomic imprinting compared to their single-step counterparts, nor did medium renewal.
Combined Effects of ART Treatments
Our group has shown that superovulation alone can perturb imprint acquisition at multiple imprinted loci in a dosedependent manner [40] . Thus, we set out to determine whether a combination of ART treatments would lead to greater 948 perturbation of imprinting. We observed that increased loss of H19 imprinted expression as a result of embryo culture was exacerbated by the use of superovulation. A study by Rivera et al. [65] also demonstrated an increase in biallelic expression of many imprinted genes following superovulation with embryo transfer compared to controls, with a further increase in biallelic expression following embryo culture combined with superovulation and embryo transfer. Together, these studies demonstrate that combined ART procedures result in greater perturbation of genomic imprinting compared to single interventions.
One critical question that must be answered is how transferable these results and those of other studies are to human embryo culture. The main aim of the present study was to employ commercial formulations of various culture systems to allow evaluation of media currently used in human ART. However, the possibility remains that human embryos may not be as susceptible to culture-induced errors or may display different sensitivities to these culture systems than mice embryos do. To address the question of proclivity of ART procedures to induce epigenetic errors, retrospective studies were performed on children with BWS who were born after ARTs [4, 8] . Variable ART procedures were reported in children with ART-associated BWS, with no common factor emerging. Differences were observed in cause of infertility, embryo culture media (variations in glucose, amino acid, and human serum albumin content), day of transfer, and ART method (IVF, ICSI, and ovarian stimulation regime) employed [4, 8] . These data suggest that human embryos are susceptible to ART-induced errors, but that no specific system generates epigenetic errors. Instead, multiple ART procedures, such as ovarian stimulation combined with embryo culture, pose greater risks for developing imprinting disorders. Because the genes investigated in the present study play an important role in early development, and because genetic and epigenetic perturbations lead to imprinting disorders, we propose that culture time and number of ART procedures should be minimized to ensure fidelity of genomic imprint maintenance during development.
